Hybrid dye-sensitized solar cells are typically composed of mesoporous titania (TiO 2 ), light harvesting dyes and organic molecular hole-transporters. Correctly matching the electronic properties of the materials is critical to ensure efficient device operation. In this study we synthesize TiO 2 in a well defined morphological confinement that arises from the self-assembly of a diblock copolymer -poly(isoprene-b-ethylene oxide) (PI-b-PEO). We show that the crystallization environment, tuned by the inorganic (TiO 2 mass) to organic (polymer) ratio, is a decisive factor in determining the distribution of sub band gap electronic states and the associated electronic function in solid-state dyesensitized solar cells. Interestingly, the tuning of the sub band gap states does not appear Received: ((will be filled in by the editorial staff)) Revised: ((will be filled in by the editorial staff)) Published online: ((will be filled in by the editorial staff))
to strongly influence the charge transport and recombination in the devices. However, increasing the depth and breadth of the density of sub band gap states correlates well with an increase in photocurrent generation, suggesting that a high density of these sub band gap states is critical for efficient photo-induced electron transfer and charge separation.
Introduction
Nanostructured composites have become increasingly attractive for their exciting, and in some instances unexpected, properties compared to their bulk characteristics. [1] A wide range of applications are being developed in diverse areas, [2] such as catalysts, [3] lightemitting diodes, [4] biosensors, [5, 6] and photovoltaic devices. [7] There has been a huge effort in the development of different routes to obtain these nanostructured materials, from simple colloidal synthesis [8] to more elaborate structures with regular nanopores such as those obtained from liquid crystal templating of inorganic materials. [9] More recently, nanostructured materials have been prepared through the self-assembly of block copolymers which microphase separate into highly ordered morphologies including spherical, cylindrical, lamellar and gyroidal domains. The tunability of shape and length-scale gives unparalleled control over the resulting self-assembled structures and offers a powerful tool for nanotechnology. [10] Some strategies involve creating templates from these soft materials. Typically, one block is selectively removed while the other one is used as a scaffold allowing the backfilling of complex structures, such as the gyroid phase. [11, 12] Another approach for the synthesis of nanocomposites involves the selective incorporation of inorganic sol into a single block of an amphiphilic block copolymer. Pioneered by Templin et al in 1997, [13] access to predicted diblock copolymer phases has been achieved through the selective swelling of aluminosilicate sol into the PEO phase of a block copolymer. Later, Stucky et al. [14, 15] incorporated metal-oxide sols into an ABA triblock copolymer (poly(ethylene oxide-b-propylene oxide-b-ethylene oxide), Pluronics P123). The resulting transition metal oxide containing nanocomposites were subsequently heat treated in air to calcine the metal oxide while oxidatively removing the polymer, producing an ordered mesoporous amorphous or partly crystalline framework. The use of P123 typically limits the pore size to between 6 and 14 nm, which is too small for some applications, and may impede the complete crystallization while maintaining structural integrity. [16] An alternative copolymer to use as a structure directing agent is poly(isoprene-block-ethylene oxide) (PI-b-PEO). This block copolymer offers several advantages such as the insitu formation of a carbon scaffold at high annealing temperatures in inert atmosphere, enabling the complete crystallisation of metal oxides like Nb 2 O 5 or TiO 2 without loss of the mesostructure. [17] Furthermore, pore sizes ranging from 20 to 80 nm [18] have been achieved by varying the molecular weight of the polymer. As a consequence of the high interaction parameter between the two building blocks, PI and PEO, and the low glass transition temperature, highly regular block copolymer morphologies such as hexagonal cylinders, lamellae, gyroid, and plumber's nightmare morphologies have been shown for aluminosilicate. [13, 17, 19] A technologically interesting application for these mesoporous crystalline materials is the dye-sensitized solar cell (DSC), introduced in its current form by O'Reagan and Grätzel in 1991. [20] Dye molecules sensitize the surface of mesostructured metal oxides such as TiO 2 . Photo-induced electron transfer occurs from the photo-excited dye into the conduction band of the TiO 2 . The electrons are then free to percolate through the interconnected TiO 2 nanoparticles to be collected at a transparent conducting anode on the underside of the film. The circuit is completed through the regeneration of the dye by an iodide/triiodide redox couple in form of an electrolyte which carries the hole species to the cathode. In order to avoid reported problems with solvent leakage and corrosion of liquid electrolytes, [21] Bach et al. [22] replaced the electrolyte with a molecular organic hole transporter, spiro-OMeTAD in 1998. With this solid-state concept, power conversion efficiencies of up to 5% have been achieved. [23] Despite its conceptual advantage, there are considerably more technical and subtle issues involved in creating an ideal solid-solid nanocomposite, rather than the solid-liquid composite of the original DSC. A critical step is the infiltration of the mesoporous titania network with a molecular hole transporter, which is influenced by the structure of the underlying oxide. Moving from a system with strong charge shielding by an electrolyte to a system where 50% of the composite has a dielectric constant as low as 3 has a significant influence on the electronic processes of charge generation, separation, transport and recombination. The control of the underlying properties of the metal-oxide film such as structure, crystallinity, surface area [24] and nature of electronic states is therefore crucial for device optimization. [25] Previously, we have applied self-assembled block copolymer morphologies to the solidstate DSC: For one route, films were fabricated by spin-coating a titania sol containing diblock copolymer solution directly on the device substrate with subsequent annealing and semicrystalline mesoporous film formation. [18] The second route involved replicating the double gyroid phase into titania by electro-deposition through a nanoporous block copolymer generated template. [11, 12] Both of these routes delivered very encouraging results, and demonstrate the range of structures achievable through block copolymer selfassembly and replication into active semiconductor devices. However, they both suffer from difficulties in making the films suitably thick, since the crystallization process occurs on the device substrate. A volume contraction during calcination induces in-plane strain which leads to the formation of cracks in thick sintered films. Recently we have presented an alternative approach where we decouple the material calcination process from the actual film fabrication [26] . In this case, monolithic crystalline TiO 2 is ground down and processed into a paste to coat the substrates, forming crack-free, albeit rough, films up to many micrometers in thickness.
Here, we apply these processable mesoporous films to solid-state dye-sensitized solar cells, and reveal another key characteristic of block-copolymer derived mesoporous TiO 2 .
According to our findings, block copolymers do not only play an important role for morphological aspects but also decisively influence the crystallization and associated electronic properties of TiO 2 . We have studied the influence of changing the composition of the metal oxide synthesis, on the electronic nature of the ensuing mesoporous TiO 2 , and demonstrate that subtle changes to the crystallization landscape have an extensive influence on the electronic solar cell functionality.
Results and discussion

Control of the titania mesostructure through PI-b-PEO self-assembly
Solid-state DSC devices were manufactured from mesoporous TiO 2 layers in the following fashion (see experimental section for details). A PI-b-PEO block copolymer with a molecular weight M n = 33.5 kg mol -1 , polydispersity 1.03 and a PEO weight fraction of 0.23 was dissolved in anhydrous tetrahydrofuran (THF). Ti-ethoxide in HCl was added. Following the evaporation of the solvent, the material was calcined to anatase TiO 2 at 500 °C in air. The resulting mesoporous monolith was briefly ground to a powder (60 seconds) and processed into a paste by solvent and cellulose addition following a similar method to Ito et al. [27] albeit with only one minute grinding and brief ultrasonification. To investigate the influence of the crystallization environment on the solar cell performance, titania hybrid composites were synthesised using three different precursor to block copolymer ratios. The mixing ratios of the sol to polymer solutions were adjusted in such a way that the weight of the TiO 2 after calcination as compared to the weight of the polymer in the solution had the ratios 1:3, 1:1 and 2:1. Titania derived from the three different recipes is referred to as "titania 1:3", "titana 1:1", and "titania 2:1" in the reminder of the article. Figure 1a is a schematic illustration of the sol gel self assembly process, and Figure 1f ) resulted in an inverse micellar morphology containing PI spheres surrounded by a matrix containing both PEO and amorphous titania. Although, a lamellar morphology was expected for the 1:1 ratio, [28] [29] [30] we suspect that the use of roughly equal portions of two selective solvents induced micellization of the polymer which resulted in toluene and PI rich micelles surrounded by a matrix rich in butanol, PEO and titania. Such a solvent induced morphology [31] could become kinetically trapped by titania condensation during the casting process resulting in an inverse micellar morphology. Finally for the 2:1 recipe in Figure 1g , an inverted morphology of an amorphous titania phase has formed around a well ordered array of PI cylinders. Small angle X-ray scattering (SAXS) patterns are consistent with the above findings (see Supporting Information). Figures 1h, 1i, 1j show the calcined materials after heat treatment in air at 500ºC. The titania 1:3 sample has predominantly collapsed since there is no self supporting scaffold once the polymer is removed, though elongated features with a cylinder-like morphology can still be seen. Samples with a higher inorganic ratio (titania 1:1 and 2:1) maintained their previous morphology.
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Powder X-ray diffraction was employed to probe the crystal polymorph and size in the resulting films processed from pastes. Initially, after calcination of the monolith at 500°C for 2 hours, the crystal phase was entirely anatase consisting of nanocrystals with sizes of 10.1 ± 0.2 nm for the 1:3 ratio, 11.2 ± 0.1 nm for the 1:1 ratio and 12.7 ± 0.1 nm for the 2:1 ratio as determined by Debye-Scherer peak width analysis of the anatase (101) peak.
After grinding, sonication, paste formation and resintering of the film at 500 ºC on the substrate, the crystallites were similar for the three compositions, with sizes of 13.9 ± 0.3 nm, 13.3 ± 0.3 nm and 14.1 ± 0.3 nm for titania 1:3, 1:1 and 2:1, respectively (see supplementary information for XRD spectra). While the size of the nanocrystals varied for the three recipes after the first calcination step, a less significant trend is discernible upon re-sintering the paste, and similar final sizes are reached for all three initial compositions. The SEM images in Figure 2 , (d) to (f) depict the final mesoscopic film morphology of all the ratios and it is evident that all morphologies are similar after grinding, sonification, paste formation and subsequent annealing. Additionally, the Brunauer-Emmett-Teller (BET) specific surface area obtained from nitrogen physisorption of the film processed materials are very similar for the three initial TiO 2 to polymer ratios, ~60 m 2 g -1 (data not shown), while any added porosity during paste processing of the films was kept constant by the addition of ethyl-cellulose in a 1:2 (cellulose:TiO 2 ) ratio by weight. It is important to emphasize that the initial block copolymer-derived morphologies of Figure 1 are predominantly lost during the grinding process utilized for device manufacture: The titania layers in the three device crosssections, shown in Figure 2 , are indistinguishable in terms of porosity, TiO 2 morphology and crystallinity. Although this limits the control of the mesostructure in these "processable" films, the three types of titania have a different preparation history. This provides us with an excellent framework to study the electronic properties of mesoporous materials that were synthesised from different (but controlled) initial conditions, while keeping factors such as surface area, crystal size, dye uptake, light scattering, and hole transporter infiltration relatively constant.
Solar cell performance and electronic characteristics
Solid-state dye-sensitized solar cells were fabricated by staining the mesoporous electrodes with a dye-sensitizer, termed D102, and filling the dyed electrodes with 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD) via spin-coating. Final electronic contact was made by capping the devices with silver electrodes. After filling the pores, the hole transporter has to create a thin and uniform capping layer on top of the electrode to introduce the necessary electronic asymmetry of the device, establishing a selective contact of the organic hole conductor with the metal electrode. On the other hand, a thick capping layer increases the series resistance in the device and limits the fill factor. [32] The herein created films were extremely rough, and, following the standard coating protocol (15 wt% spiro-OMeTAD in chlorobenzene spincoated at 2000 rpm) [33] only relatively poor device performances were obtained.
The degree of pore filling and the thickness of the capping layers are important factors influencing the device performance. This requires a careful investigation of the spiro-OMeTAD processing step that can be finely tuned by varying the concentration of the casting solution and the spin-coating speed . [33, 34] We varied the thickness of the mesoporous layers and the concentration of the spiro-OMeTAD casting solution. In i.e. fabricated from commercially available nanoparticle pastes). The evolution of the solar cell performance parameters with spiro-OMeTAD concentration is a convolution of the increasing film thickness, pore filling and capping layer thickness. [33, 34] For the thin films (up to 0.5 µm), the layer roughness is comparable to the overall film thickness, making it challenging to form an optimum composite. Figure 3a shows the fill factor as a function of spiro-OMeTAD concentration, with the film thicknesses noted in the legend.
At low spiro-OMeTAD concentrations the pore filling improves with increasing concentration resulting in an increase in fill factor. The solubility limit for spiro-OMeTAD in chlorobenzene is close to 35 % and hence the use of high concentration solutions does not improve pore filling, but increases the thickness of the capping layer causing a lower fill factor. Too thick capping layers appear to limit the device performance by increased resistive losses, though we note that pore filling may also be inhibited by excessive concentrations of the casting solution. The optimum combination of parameters is a TiO 2 film thickness of 1.6 µm and a spiro-OMeTAD solution concentration of 25%. This is a considerably higher concentration than the optimised concentration of 15% required for devices manufactured from smooth films made with standard TiO 2 nanoparticles. This is probably due to the requirement of having a considerably thicker spiro-OMeTAD capping layer to completely cover the rough undulating film.
To illustrate the roughness of the layers and the apparent difficulty of uniformly filling and capping these "undulating" films, a cross sectional SEM image of a solid-state DSC incorporating a titania 1:3 film is shown in Figure 3e . Even though this is one of the roughest devices of the series, the device delivered a power conversion efficiency of over 3%. In contrast to our previous assumptions, this clearly demonstrates that the solid-state DSC is compatible with rough non-uniform films. Upon close inspection of the SEM image, it is apparent that both the spiro-OMeTAD capping layer (darker region near the top), and the silver electrode (bright capping material) are to a greater or lesser degree conforming to the undulating surface. This is a likely explanation for the good fill factor of these devices. A similar study of film thickness and pore filling as shown for titania 2:1 in Figure 3 was conducted for the remaining two titania ratios, and the best performing cells from each series are characterized electronically in more depth below.
The roughness of the films is a consequence of the employed fabrication pathway to mesoporous TiO 2 films. In an earlier publication we showed that in the presented fabrication approach the basic constituents, titania nanocrystallites, typically agglomerate into building blocks on the micrometer length scale, which has the fortunate effect of uniting scattering and a high surface area for dye loading and ensuing light harvesting in a single, thin layer [26] . based on pastes made with all three titania recipes as well as the normalized incident photon-to-electron conversion efficiency (IPCE) for a device fabricated from standard TiO 2 nanoparticle paste for comparison (we have normalized the curves to compare the shape), all cells are sensitized with the same dye, D102. As mentioned previously, the mesoporous material fabricated from all three titania recipes have similar surface areas, and judging by the normalized IPCE spectra, they have similar light absorption profiles.
As compared to the reference standard nanoparticle based device, the block copolymer spectra are narrower, suggesting a slightly lower absorption depth in the block copolymer derived composites. A study of the variation of photovoltaic action spectra with the cell thickness was also performed and is shown in supporting information 3. The width of the action spectra increases monotonically with increasing film thickness. The "standard nanoparticle" based cells were fabricated from Dyesol 18NR-T paste which is composed of ~ 20nm diameter 100% anatase nanoparticles, with a post TiCl 4 treated film porosity of approximately 58%, a surface area of 62 m 2 /g and a pore size of 23nm as determined by nitrogen adsorption mesurments.
In Figure 4b the current voltage (JV) curves for the best performing devices of each paste recipe are shown, along with a standard nanoparticle based reference cell fabricated in the same series. The short-circuit current and overall performance improve with reduction of the titania content in the recipe. The titania1:3 device generated a very competitive short-circuit current of 7.5 mAcm -2 and an overall efficiency of 3.2% measured under simulated AM1.5 sun light at 100mWcm -2 . This is a 100% improvement upon our previous best reported block copolymer assembled solid-state DSC [18] where the assembly and crystalisation took place directly upon the FTO glass substrate, it is also extremely close to the standard nanoparticle based device, [35] which in our case delivered 3.4 % power conversion efficiency.
The primary reason for varying the composition of the metal-oxide precursor sol over a broad range was to systematically change the material structure and properties in order to improve our understanding of the critical factors which limit and improve device performance. TiO 2 synthesis via copolymer-directed self-assembly is a very different route compared to the traditional colloidal assembly, and hence broadens the scope for optimising TiO 2 properties for DSCs, and furthermore opens up the parameter space available for detailed investigation. In order to investigate differences in electronic behaviour between the various devices fabricated in this study, we have performed small perturbation transient photovoltage and photocurrent decay and collection measurements, see experimental section for details. These experiments allow us to derive the transport and recombination properties in the solar cells as well as the nature and distribution of sub band gap states within the titania films.
The diffusion coefficient (D e ) is estimated from the current collection lifetime (τ trans ) as
where w is the film thickness. [36] In Figure 5a The device is subsequently short-circuited, exposed to the same flash of light and the collected current is integrated to estimate the generated charge (ΔQ). Knowing both, the voltage perturbation (ΔV) and the total amount of charge which is generated by the light pulse (ΔQ), the chemical capacitance C = ΔQ/ΔV at a given open-circuit voltage can be derived (see experimental section for further details). A schematic of the density-of-states (DOS) is shown in Figure 5c . Figure 5d shows the sub band gap density-of-states distribution, or chemical capacitance, extracted from these measurements. We observe a clear and significant trend between the titania synthesised in the three different ways. As the titania content is reduced, a deepening and a broadening of the DOS is observed. This systematic trend suggests that the crystallization environment strongly affects the electronic material properties of the copolymer directed titania. Titania films stemming from a network in which the inorganic component represents the majority phase (i.e. titania 2:1) lead to devices with fewer sub band gap states, or to sub band gap states that lie at higher energies. The more open monolith structures (titania 1:3, titania 1:1) lead to a deepening and broadening of the DOS distribution, which is most distinct when the crystallising inorganic component represents the minority phase for titania 1:3. In comparison to the diblock copolymer directed devices, the standard nanoparticle based cell has an even deeper and broader DOS distribution. We note that all mesoporous films were subject to a surface treatment with TiCl 4 prior to re-sintering, which grows a thin shell of titania upon the surface. This suggests that the changes to the density-of-states observed are not due to states residing directly upon the surface of the mesoprous material, due to the presence of the TiCl 4 grown titania shell. Nor are they due to a change in the interaction between the titania and the spiro-OMeTAD phases.
We attribute the fine-tuning of DOS distribution to the existence of the surrounding reducing organic component, which may be acting as an oxygen sink during calcination.
The density of sub band gap states in Figure 5d is most likely due to oxygen vacancies which increase with increasing the volume fraction of the polymer surrounding the amorphous titania during calcination. It is therefore intriguing to further study the interplay of sample composition, with annealing temperatures and atmosphere, to achieve full control over the sub band gap DOS. We further note that carbon contamination of the TiO 2 by the organic components, is an unlikely explanation for the observed results,
given the increased efficiency of the devices with higher organic to inorganic ratio.
Studies by Lee et al. have shown that the carbon content of the initially hybrid material is lost during the calcination process in an oxygen rich environment. [17] To correlate device performance with the sub band gap DOS, we see a clear trend of states, [37] then the observed trend of increasing photocurrent with increasing depth of the DOS distribution is justifiable. If electron transfer from the photoexcited dye into the TiO 2 is a tunnelling process, then increasing the density-of-states into which the electron can be transferred would be expected to increase the rate and efficiency of electron transfer and charge generation. Since we observe increased photocurrent as the density of sub band gap states in the mesoporous titania is increased, this implies that a large fraction of the electrons are not injected into the conduction band, but directly into the sub band gap states. Koops et al. made a similar observation for the electron transfer from a ruthenium complex dye termed N719 into TiO 2 and conclude that intersystem crossing from the singlet to the triplet state competes with ultra-fast electron transfer into the TiO 2 . [37] Due to the lower energy of the triplet state in the N719 dye, electron injection from this state has to proceed via the sub band gap states and is hence dependent upon the position and density of such states. Since an all organic dye is used in our study, intersystem crossing is unlikely to be fast. However, dye aggregation has also been observed to slow down electron transfer, [38] and the indolene based organic dyes used here are prone to aggregation, [39] and specifically for D102 J-aggregates are known to form which result in a significant deepening of the dye LUMO level. Furthermore, if dye aggregation occurs then the excited state may delocalise over one or more dye molecules, significantly reducing both the excited state energy of the electron and the "push-pull" orientation of the excited state, and hence increase the requirement for a large density of sub band gap states into which electron transfer can occur.
The intriguing result here is that by controlling the mesoscale morphology of the TiO 2 by diblock copolymer assisted self-assembly, it is possible to systematically vary the distribution of electronic sub band gap states in the material. Our study highlights the criticality of the energetic location and distribution of sub band gap states, and their role in efficient photocurrent generation in solid-state DSCs. We note that such an apparent control of the nature of the sub band gap states in mesoporous TiO 2 is not easily achievable through conventional colloidal synthesis routes.
Conclusions
In summary, we have synthesised mesoporous TiO 2 in different crystallization environments through the use of the diblock copolymer PI-b-PEO. The influence of the crystallization environment on the electronic properties of the materials and performance characteristics of solid-state DSCs incorporating the mesoporous TiO 2 was investigated.
We find that the density and distribution of sub band gap states is a function of the synthesis conditions and critically affects the performance characteristics of selfassembled titania in hybrid solar cells. This gives us a new degree of freedom to vary and optimise towards the goal of controlling functional electronic hybrid interfaces.
Specifically here, as the width and depth of the density of sub band gap states is increased, a significant enhancement in the photocurrent generation is observed. We postulate that this is due to the requirement for an abundance of sub band gap states into which efficient electron transfer can occur from the photoexcited sensitizers. Higher photocurrent generation is accompanied by an overall drop in open-circuit voltage with increasing density of sub band gap states, reflected in a trade-off in terms of the overall power conversion efficiency. These findings do not necessarily imply that a high density of sub band gap states are required in an ideal DSC, but rather serious losses in the charge generation mechanism take place. Reducing the heterogeneity and increasing the efficiency of this electron transfer and charge separation process are likely to be central goals for dramatic efficiency improvements in solid-state DSCs.
Experimental
Mesostructure fabrication:
3.45 mL of 37% HCl were rapidly added to 5 mL of titanium ethoxide in a beaker at 50 ºC under stirring. The resulting sol was left to age for 90 minutes. In a separate vial, 0.1 g of PI-b-PEO copolymer (M n =33.5 kg/mol, polydispersity 1.03, 23 wt% PEO) was dissolved in 7 ml THF. The appropriate amount of the sol was added into the polymer solution to adjust the ratio of final (calcined) TiO 2 to added polymer by weight, to the three ratios 2:1, 1:1, and 1:3. For example, for titania 2:1, 0.873 ml sol was mixed with 0.1g PI-b-PEO in 7 ml THF. The solution was left to dry in air at 50 ºC. The dry material was then redissolved in a toluene and 1-butanol mixture where the ratio of the to solvents was adjusted to match the PI:(PEO+sol) weight fraction (for example for titania 2:1, the mixture consisted of 0.81 ml toluene and 0.61 ml 1-butanol). Finally, the solution was cast into a PTFE dish and left in air at 50°C for over 24 hours. The resulting material was heated slowly (5 ºC per minute) to 500 ºC, calcined for 1 hour at 500 ºC, and then left to cool down over 4 hours.
The powder was processed into a paste in a similar way as described by Ito et al. [27] (quantities quoted are for 1 g of TiO 2 powder). The TiO 2 powder was ground lightly in an alumina mortar for 10 seconds dry and for a further 1 second after the addition of 167 µl of acetic acid. 833 µl of deionised water was added and then the powder was ground for further 30 seconds. The paste was then transferred into a vial after adding 16 ml of ethanol. This solution was stirred with a magnetic stirrer for 1 minute and then sonicated with an ultrasonic probe 15 times with an interval of 2 seconds on, 2 seconds off. 3.33 g of α-terpineol was added and the paste was again stirred for 1 minute and then sonicated following the same procedure. Finally 5 g of a 10 weight-% solution of ethyl-cellulose (1:1, 10000cps:46000 cps) and ethanol were added, stirred and sonicated. The paste was then heated to 60 ºC for 24 h in air to evaporate the ethanol, and then redispersed in ethanol at a concentration of 1 ml ethanol per 1 g of paste, which was then further diluted down with ethanol to different concentrations to obtain a range of final film thicknesses.
Solar Cell assembly:
Fluorine doped tin oxide (FTO) coated glass sheets (15 Ω/□ Pilkington) were etched with zinc powder and HCl (2 Molar) to obtain the required electrode pattern. The sheets were then washed with soap (2% Hellmanex in water), de-ionized water, acetone, methanol and finally treated under an oxygen plasma for 10 minutes to remove the last traces of organic residues. The FTO sheets were subsequently coated with a compact layer of TiO 2 (100 nm) by aerosol spray pyrolysis deposition at 450 ºC, using air as the carrier gas. The meso-structured paste was then doctor bladed by hand (scotch tape and pipette) on the TiO 2 compact layer coated FTO sheets. The sheets were then slowly heated to 500 ºC (ramped over 1 ½ hours) and baked at this temperature for 30 minutes in air. After cooling, slides were cut down to size and soaked in a 20 mM TiCl 4 aqueous bath for 1 hour at 70 ºC in an incubator. After rinsing with deionised water and drying in air, the films were baked once more at 500 ºC for 45 min in air, then cooled down to 70 ºC and finally introduced in a dye solution for 1 hour. The indolene dye used was D102, [35] 
Transient photocurrent and photovoltage decay technique:
Transient open circuit voltage decay measurements were performed by a similar method to O'Regan et al [40] and as described elsewhere [33] : Figure 4b .
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Wide-angle X-ray scattering of calcined titania (a) before and (b) after paste processing. For better comparison between titania 2:1 (top), titania 1:1 (middle) and titania 1:3 intensities were normalized. Crystal sizes of the materials were determined by fitting the anatase (101) peak with a Voigt function and subsequently correlating the peak broadening to nanocrystallinity via the Debye-Scherrer equation with a K value of 0.89. (c)
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